OBJECTIVES: Low-dose computed tomography (LDCT) screening improves lung cancer prognosis but also results in diagnostic work-up and surgical treatment in many individuals without cancer. Therefore, we analysed the procedures that screening participants underwent to better understand the extent of overdiagnosis.
INTRODUCTION
The poor prognosis associated with lung cancer is generally due to late diagnosis, spurring an intensive search for effective screening tools. The National Lung Screening Trial recently reported that low-dose computed tomography (LDCT) screening of healthy volunteers reduced lung cancer-related mortality by >20% [1] . Furthermore, the International Early Lung Cancer Action Program (I-ELCAP) showed a high prevalence of stage I non-small-cell lung cancer (NSCLC) in screening participants and reported that surgical resection produced a 10-year survival rate of 88%, enhancing the benefit of screening [2] .
However, considerable risks must be overcome before LDCT can be broadly used as a preventive tool in populations at risk of developing lung cancer [3] [4] [5] [6] [7] . In particular, many individuals undergoing LDCT screening would undergo unnecessary, invasive diagnostic work-up and surgical treatment.
In the present study, we analysed the number of diagnostic procedures and surgical procedures of 8649 volunteers who underwent LDCT screening in Gdansk between 2009 and 2011 to determine the extent and cause of the unnecessary treatment.
PATIENTS AND METHODS
Between February 2009 and April 2011, 8649 healthy volunteers were screened by LDCT through the Pilot Pomeranian Lung Cancer Screening Program after providing informed consent. The study was approved by the institutional review board of Gdansk Medical University (NKEBN/109/2009). This programme included healthy, asymptomatic current or former smokers between 50 and 75 years old with smoking histories of at least 20 pack-years. Among individuals with family histories of lung cancer, the minimum smoking history was 10 pack-years. Participants were recruited through a website and telephone information lines. Their ages were verified using personal documents, and the anamnesis concerning smoking history and the presence of any symptoms suggesting lung cancer was collected. The LDCT screening was carried out at 19 radiological centres in the Pomerania region of Poland. Equipment and methodology conformed to the I-ELCAP radiological protocol, and patients were followed up for 1 year. Patients were categorized into four groups: (i) those with negative LDCT results who did not undergo further observation; (ii) those with nodules <5 mm in diameter who had one follow-up LDCT 12 months after the first round; (iii) those with nodules between 5 and 10 mm who had follow-up LDCT at 3, 6 and 12 months and (iv) those with nodules >10 mm who underwent a diagnostic work-up. The flow chart illustrates the mode of selecting patients for further screening, diagnostic work-up and surgery (Fig. 1 ). Nodules were evaluated regarding the number, diameter, size, consistency, presence of air, shape, edge pattern and calcification. Additional findings, such as mediastinal and chest wall lesions and liver and suprarenal tumours, were also recorded by each radiologist and consultant using a form available on the program's website.
Three consultants (two radiologists and one thoracic surgeon) reviewed all positive results to determine whether further screening was needed within the programme. All individuals who did not undergo further screening were informed to perform the annual LDCT on their own. The results were entered into the webbased form and collected in the central database. Patients with nodules >10 mm and nodules <10 mm with typical radiological findings suggesting malignancy underwent diagnostic work-up at the Department of Thoracic Surgery of the Medical University of Gdansk comprising bronchoscopy or autofluorescence bronchoscopy when indicated, fine needle aspiration biopsy (FNAB), and spirometry tests/exercise tests. The latter two procedures were performed to assess the eligibility for resection in surgical candidates. Two hundred and twenty-seven participants (80%) were referred for diagnostic work-up after baseline LDCT, and 56 (20%) after the second LDCT. Most of these patients (210/283) underwent the standard diagnostic procedures described above, but 73 underwent selected procedures only. All patients accepted for surgery underwent the procedure at the same institution.
Statistics
For statistical analysis, descriptive data were summarized using raw numbers, means and percentages. Sensitivity and positive predictive values (PPVs) were calculated for lung cancer detection in patients with lung nodules in LDCT. Sensitivity and negative predictive value (NPV) were calculated for all diagnostic procedures in lung cancer patients and separately for FNAB and bronchoscopy.
RESULTS

Diagnostic work-up
In 94 screening participants (1.08%), a neoplasm was found (lung cancer, n=90; other malignancies, n=4; Table 1 ). The sensitivity of the diagnostic procedures in patients with a cancer diagnosis was 90%, and the NPV was 94.7%.
Two hundred and eighty-three of 4694 individuals with lung nodules (6%) underwent diagnostic work-up at the Department of Thoracic Surgery. Only in 70 (24.7%) participants was a specific diagnosis obtained. That was mainly due to the low efficacy of FNAB (sensitivity, 65.2%; NPV, 95.9%) and bronchofiberoscopy that revealed intrabronchial lesions only in 18 (6.4%) patients and NSCLC in 10 patients (sensitivity, 71.4%; NPV, 50%). The low sensitivity of diagnostic procedures was induced by overdiagnosis in the radiological interpretation (PPV, 2%).
A total of 104 (36.7%) participants who underwent diagnostic procedures were accepted for surgery. Forty-three patients (41.4%) had a preoperative cancer diagnosis, and 61 (58.6%) underwent operations without pathological diagnosis at the patient's request or because the clinical picture suggested the malignant nature of the nodule. The remaining 179 individuals who were not accepted for surgery were sent for further annual observation with LDCT in the thoracic outpatient clinic (152) or to non-surgical treatment (27). 
Surgery
Of the patients accepted for surgery, 67 malignant tumours (64.4%) and 37 benign lesions (35.6%) were resected. No death was registered in the postoperative course during the study period. Detailed information concerning the stage, pathology, type of procedure, and complications is given in Tables 2 and 3 . The mean hospital stay was 9 days (range, 5-21 days) for NSCLC patients and 6 days (range, 3-10 days) for those with benign lesions.
Most NSCLC patients (84%) who underwent surgical treatment had stage I disease. Adenocarcinoma was the most common malignancy (73%), and video-assisted thoracoscopic surgery (VATS) lobectomy (38%) was the most frequently performed operation. Minor complications occurred in 10 patients (15%). Complete resection was achieved in 66 (98.5%) NSCLC patients. In 1 patient, after left upper lobectomy, R1 status was confirmed. That patient received adjuvant chemotherapy due to N2 disease (stage IIIA) and died 8 months after the operation.
Twenty-four of 61 patients accepted for surgery without a preoperative cancer diagnosis had a final diagnosis of NSCLC. The remaining 37 patients had benign lesions. Most of the patients with benign tumours who underwent surgical treatment had fibrotic nodules or focal fibroatelectatic consolidations (43%), 7 (19%) had tuberculomas and 6 (16%) had hamartomas. In 11 patients with non-malignant lesions, we found ex post indications for surgery: 7 tuberculomas, 3 thymic cysts and 1 sarcoid tumour. In the remaining 24 patients, surgery showed no benefit to the patient and was recognized as a futile procedure. Minor complications such as prolonged air leak, pleural haematoma or atrial fibrillation occurred in 4 patients (11%). Detailed information regarding pathology, type of procedure and complications is given in Table 3 .
DISCUSSION
We report the results of the largest single-institution experience regarding the diagnosis and treatment of patients from a CT screening cohort of 8649 ex-and current heavy smokers. Several publications exist concerning this topic, but only studies involving small groups of patients were reported [8] [9] [10] [11] . Wilson et al. [12] reported a considerable number of patients with a detailed presentation of the diagnostic events and treatment results. Of 3642 screened individuals, they found nodules in 40.6%, performed repeat CT in 22.5% and identified 80 subjects (2.2%) with lung cancer, most of whom had stage I disease (85%). They also reported 36 individuals (1%) who had undergone a major surgical procedure with a noncancerous final diagnosis.
In 75% of the participants accepted for diagnostic work-up and 25% of participants receiving surgery, the procedures were futile. In the present study, 6% of the screening participants with detected lung nodules underwent diagnostic procedures that were justified in 25% of these individuals mainly due to the low effectiveness of FNAB and bronchoscopy. FNAB was an effective diagnostic method only for 26% of all patients undergoing work-up. Bronchoscopy was effective for only 4.5% of the patients. Thus, we do not recommend bronchoscopy as a standard diagnostic procedure in the screening cohort.
There are several factors that could have influenced such a high percentage of futile diagnostic procedures in our series. First, our experience in performing screening was limited before NSCLC: non-small-cell lung cancer; SCLC: small-cell lung cancer.
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implementing the programme both in terms of planning as well as in the management of this specific group of patients. Presently, in most patients accepted for diagnostic work-up, we would advise observation considering that we suspected many nodules to have a fibrotic or atelectatic nature. In this effort, we find the algorithm concerning the final summary nodule interpretation proposed by Wilson et al. [12] to be very useful. Another way to reduce futile procedures is to change the protocol. However, if we had set this limit at >15 mm, as reported by several other studies [1, 2, 11, [13] [14] [15] [16] [17] [18] , futile diagnostic work-ups and operations would have been significantly reduced. In such a scenario, we would have sent 95 patients to diagnostic work-up and 45 to surgery instead of 283 and 104, respectively. However, we would have omitted 34 patients with a diagnosis of NSCLC from therapeutic treatment. Second, positron emission tomography (PET) would have been planned for patients with a lesion with malignant morphology without histological confirmation.
In the future, surgical treatment for benign tumours could be reduced by developing molecular screening tests and implementing effective imaging technologies, including those proposed by Yung et al. [19] . These techniques may enhance the effectiveness of lung cancer screening with LDCT. With such an attempt, the percentage of futile procedures could have been reduced significantly within the surgical group.
Most patients with benign lesions were accepted for surgery at their own request because of the threat of cancer development. We would change several issues in our study; however, one issue seems to be of utmost importance. If we had started such a programme again, psychological support for participants would have been planned much more extensively due to the high expectations of individuals with diagnosed lung nodules ( primarily those with suspected lesions in whom observation is proposed) that they would receive such an intervention.
Although there are several pitfalls regarding the concept of lung cancer screening with LDCT, and those related to diagnosis and surgery are stated above, it should be emphasized that all procedures are safe and minimally invasive. No patient died as a result of treatment during the study period. Many of these patients underwent VATS procedures with few complications both in the malignant and benign groups. As expected, the NSCLC stage distribution differed between the screening programme and daily practice, with more early-stage cancers in the screening group (stage I cancer, 84%). Because stage IA lung cancers were common, we could perform VATS lobectomy in many of the NSCLC patients. In our study, complete resection was achieved in 98.5% of operated cases.
Low-dose CT screening is becoming more popular for the diagnosis of early lung cancer. Thoracic surgeons must support these diagnostic efforts and continue to adopt all available diagnostic tools as well as minimally invasive surgical techniques for the early-stage tumours detected by screening.
Growing experience in the interpretation of screening results will likely lead to fewer patients being subjected to intervention. To date, screening programmes have reported that 6-34% of all operated patients with benign lesions have undergone surgical treatment [2, 11, 12, 14, [20] [21] [22] [23] [24] [25] . This variability is due primarily to the different protocols used and the experience of the screeners. We believe that only experienced multidisciplinary teams can ensure the lowest possible rate of futile procedures. Thoracic surgeons should play a key role in such a multidisciplinary team. 
